The influence of charge localized at the surface of minute metal oxide nanocrystals was studied in WO 3 and In 2 O 3 nanostructures, which were obtained replicating mesoporous silica templates. Here, it is shown that the very high resistive states observed at room temperature and dark conditions were originated by the total shrinkage of the conductive zone in the inner part of these nanocrystals. On the contrary, at room temperature and under UV illumination, both photogenerated electron-hole pairs and empty surface states generated by photons diminished the negative charge accumulated at the surface, enlarging the conductive zone and, as a consequence, leading to a reduction of the electrical resistance. Under these conditions, empty surface states produced by UV light reacted with oxidizing gaseous molecules. The charge exchange associated to these reactions also affected the size of the inner conductive zone, and leaded to a new steady-state resistance. These chemical, physical and geometrical effects can be used for gas detection, and constitutes the basis for developing novel room temperature conductometric gas sensors responsive to oxidizing species.
Introduction
It is well known that the response of conductometric solid state gas sensors based on thin or thick films increases with the surface-to-volume ratio of the crystallites inside them. During the last decades, many efforts have been undertaken to reduce the grain size of these polycrystalline films to values below a few tens of nanometers. To achieve this goal, new wet chemical routes or modified physical deposition techniques have been used [1, 2] . In parallel to this scalingdown approach, the use of sensitive layers formed by bundles of nanowires has been proposed as well. However, the surface-to-volume ratio of the nanowires is not higher than the values reached with nanocrystals, and any significant improvement in the final performance of these prototypes was reported [3, 4] .
It is noteworthy that the use of sensing films leads to other inherent restrictions such as gas diffusion in their inside, chemical sensing inhomogeneity, grain agglomeration and intergrain-boundary effects. Each one of them modifies the behavior of the prototypes and hampers the study of the grain size influence on the ideal sensor response expected in a scenario free of interfering effects [5] [6] [7] .
The study of individual nanowires offers an excellent opportunity to avoid many of these interferences [8] . Furthermore, the direct influence of the nanowire radius on the sensor response has also been reported [9] . According to these results, response towards gases sharply increases with radii below 15 nm. In this situation, the conduction channel along the nanowire is close to total depletion and small variations in the charge trapped at the surface by gaseous molecules lead to huge effects on their electrical responses.
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Typical sizes for depleted regions in metal oxides are close to 3-5 nm [10] . Therefore, nanowires thinner than 10 nm in diameter are considered excellent candidates to both study deep depletion effects and understand the complete shrinkage of the conductive zone. Unfortunately, there are still important technical drawbacks to manipulate and electrically contact individual ultrathin nanowires, hindering the fabrication of experimental prototypes.
In this paper, we report an alternative approach to study the shrinkage effects of the conductive zone in nanostructured metal oxides, overcoming the technical limitations associated with nanowires. This approach is based on the use of nanostructured In 2 O 3 and WO 3 obtained as replicas of mesoporous templates [11, 12] . This method produces minute nanograins ordered in a network that facilitates gas diffusion through it, maintains the chemical sensing homogeneity, avoids grain agglomeration and diminishes grain boundary effects [13] [14] [15] . UV illumination is used to modulate their resistance several orders of magnitude, changing from an insulating to a semiconductor state useful for gas sensing applications even at room temperature. Likewise, surface functionalization is used to modify the density of active sites at the surface and, thus, to balance the influence of the surface and bulk effects on the overall response. This approach, that combines fully depleted nanomaterials with UV illumination and surface functionalization, opens the door to the development of room temperature conductometric gas sensors.
Experimental Setup

Synthesis Routes.
As previously discussed, the use of templates is an attractive alternative to overcome the abovementioned difficulties concerning the fabrication of the sensors and the interpretation of their response.
The soft-template methods, based on the use of surfactants, were initially discarded. Even though these methods reduce the dispersion of the particles, the fact that the template is removed before annealing produces agglomerated materials. In contrast, the template is removed in the hardtemplate methods afterwards, and this ensures a good control of the particle size since the template acts as a physical barrier to coalescence of the crystals during the calcination process.
The hard-template method also offers several additional advantages. Firstly, it allows obtaining a porous network distribution that depends on the nanotemplate structure, selected among a wide variety, such as MCM-41, SBA-15, KIT-6, and SBA-16. Second, the replication process using silica templates is easy to scale-up. This is an advantage compared with other hard-templates such as anodized aluminum oxides (AAOs) membranes. Third, mesoporous silica templates offer good thermal stability for the synthesis of metal oxides at relatively high temperatures [16] .
Mesoporous silica was synthesized by using a nonionic triblock copolymer surfactant (EO20PO70EO20, Pluronic P123 from BASF) as a structure directing agent [17] . In this work, we have chosen the KIT-6 structure (threedimensional cubic Ia3d) for the mesoporous silica template [18, 19] . KIT-6 was synthesized using the following procedure: 6 g of P123 were dissolved in 195 g H 2 O, 30 g of HCl 37% and 6 g of 1-butanol. Then, 12.5 g of TEOS (tetraethyl orthosilicate) were added dropwise, and the mixture was stirred for 24 h at 36
• C, followed by a hydrothermal treatment at 90
• C. Finally, the mesoporous silica was filtered, washed, dried and calcinated at 550
• C. For obtaining mesoporous indium oxide or tungsten oxide, a two-impregnation process was performed. In a typical synthesis, 0.15 g of mesoporous silica (KIT-6) were firstly impregnated, respectively, with 1 mmol of In(NO 3 ) 3 ·xH 2 O ethanolic solution or with phosphotungstic acid (Alfa Aesar) which was used as a precursor for WO 3 . The mixture was stirred for 30 minutes, dried and calcinated at 350
• C. The resulting powder was impregnated again with the precursor and calcinated at higher temperature than 600
• C in order to obtain the metal oxide as a well-stabilized material. Finally, the silica template was removed by etching the material with a 2 M NaOH solution at 70
• C for 24 hours or alternatively with HF. The solid was separated by centrifugation and cleaned several times with water and ethanol. In all cases, chemicals were of analytical grade and water used had been distilled twice and disionized with a Millipore Milli-Q system. XPS and EELS analyses revealed that all the silica was completely removed, at least, within the resolution limits of these techniques.
Some samples were functionalized with aminopropylphosphonate [20] . Since P−O−M bonds are more thermodynamically stable than Si−O−M bonds, phosphonate blocks the surface sites in the right direction. In addition to this, the reaction of metal oxides with phosphonate is easier even in the absence of hydroxyl groups.
Material Characterization. X-Ray Diffraction (XRD)
analysis was performed on Siemens D500 and Bruker D4 X-ray Powder diffractometers, working with the Cu K α radiation. Transmission Electron Microscopy (TEM) characterization was carried out using a Philips CM30 SuperTwin electron microscope operating at 300 keV and High Resolution TEM (HRTEM) was performed on a JEOL JEM 2010F electron microscope operating at 200 keV with a field emission gun. X-Ray Photoelectrons Spectroscopy (XPS) measurements were performed on a PHI equipment 5500 Multitechnique model, operating with Al K α line at 1486.6 eV (0.9 eV of line width). Brunauer-Emmett-Teller (BET) analysis was performed using ASAP 2000 equipment (Micrometrics). For this purpose, samples were degassed at 150
• C for 20 hours in a maximum vacuum of 266 Pa. Both porous replicas displayed high superficial specific area (65 ± 5 m 2 g −1 ) which was in range with the values obtained for the silica template (62 ± 5 m 2 g −1 ).
Sensors Fabrication and Measurement.
Sensors were prepared by screen-printing of the as-synthesized powders and an organic solvent (1,2-propanediol) mixture onto alumina substrates. Platinum electrodes and a platinum heater had been previously printed at front and back sides of the substrates. Platinum heater allowed controlling the working temperature. Sensors were fired at 500
• C for 30 minutes to evaporate the solvent and to ensure sample adherence to the alumina surface. Screen-printed powders were examined on a Field Emission Hitachi 4100 scanning electron microscope. UV illumination was provided by different LED sources, from 365 nm to 310 nm, as well as a UV Xe lamp from Hamamatsu equipped with a high-and lowpass filter set. In both cases, the use of a controlled heater also allowed controlling the sensor temperature.
For the electrical characterization of the sensors, the gassensor devices were placed in a stainless steel test chamber where a controlled gaseous atmosphere was provided by means of mass flow controllers. DC electrical characterization of these devices was performed by applying an external bias and then recording the current by means of low-noise current amplifier in conjunction with a high sampling speed digital acquisition board. Most experiments were carried out also in a ProboStat cell located in a furnace or a similar item home made with 290 nm highpass windows. The temperature was precisely monitored and controlled by a thermocouple located next to the sample. The used gas flow ranged between 100 and 200 mL · min −1 without noticeable influence on the responses. Accurate gas compositions-NO 2 , CO, N 2 , O 2 , synthetic air (SA), humid air-were prepared using a gas mixer based on mass flow controllers (MFCs) controlled by computer. The sensor response was measured as the ratio of the resistance in presence and in absence of the target gas. The response was defined as R gas /R air for oxidizing gases and R air /R gas for reducing gases.
Results and Discussion
On the one hand, low-angle XRD patterns (Figure 1(a) ) revealed that the template and the corresponding replica share the same mesoporous structure (KIT-6) and demonstrated that this was a general feature of the here-studied materials. On the other hand, wide-angle XRD patterns (Figure 1(b) ) confirmed that the crystalline structure of the mesoporous In 2 O 3 replicas was the cubic Ia-3 (JCPDS 6-0416) [13] .
Figure 1(c) shows a high-resolution TEM image of an In 2 O 3 replica of the KIT-6 mesoporous template that corresponds to a 3D gyroidal structure. It can be observed that the obtained material is crystalline and free of defects with branches around 7 nm in diameter. Specifically, the analysis of the selected area diffraction (SAED) patterns corroborated that In 2 O 3 crystallizes in the cubic structure Ia-3. It is noteworthy that the analyzed region does not display any grain boundary. The material looks like a perfect single crystal trimmed according a mesoporous pattern. This porous network facilitates the diffusion of the gas across the nanostructured material.
In fact, no additional electron diffraction spots corresponding to other crystals are observed (inset in Figure 1(c) ). Consequently, it can be asserted that these features are characteristic of the material at least at the scale of the analyzed region and represent the optimum scenario to study surface depletion effects caused by the charge trapped at the surface. This situation is similar to a bundle of ultrathin nanowires (less than 10 nm in radii) but presents an additional advantage: there are no contacts between grains (or nanowires) and, therefore, there is not any grain barrier effect. Similar structural features were observed in WO 3 [13] . Figure 2 shows the change in the resistance of nanostructured In 2 O 3 when it is exposed to UV light. In dark conditions, the resistance values are in the gigaohm range (almost out of the scale of our measurement equipment). Under UV illumination (light density values of several W/cm 2 inside the chamber), the electrical resistance decreased several orders of magnitude. It is noteworthy these enormous variations in the resistance were only rapidly reverted after a thermal treatment. Similar results were obtained for WO 3 (Figure 3 ). For this material, UV illumination produced resistance changes of more than 8 orders of magnitude.
Often, grain boundary effects explain huge changes in the resistance of polycrystalline materials [21, 22] . However, the HRTEM and the electron diffraction analysis of our samples do not support this assumption. Therefore, it is necessary to • C. consider other explanations. Since the radii of the branches in the mesoporous network (∼3.5 nm) is comparable with the typical width of the surface depletion zone in metal oxides (3-5 nm) [10] , it is plausible to assume an almost complete shrinkage of the conductive zone in the inner part of the material.
A detailed analysis of the transient behavior after switching on the light reveals two dynamics mechanisms. A fast one (below the second range) due to band-to-band electronhole generation followed [23] by a slow one related to gas adsorption, desorption and diffusion processes [24] . Under UV illumination and at room temperature, these nanomaterials display a reversible response towards oxidizing gases which was not observed in dark conditions. According to previously reported models [25] , UV illumination desorbs NO 2 molecules and oxygens from the metal oxide surface leading to partially reduced surfaces [26, 27] . In this situation, NO 2 molecules and oxygens in air compete for the same adsorption sites (which are light-induced surface oxygen vacancies, according to first principles calculations [28] [29] [30] ). The higher efficiency of NO 2 molecules to refill the light-emptied sites explains the effective response. According to the depicted mechanism, the response to NO 2 at room temperature is determined by the balance between spontaneous adsorptions and light-induced desorptions. This mechanism also explains the recovery of the response under illumination.
Two different processes may explain the photoactivated desorption of oxidizing molecules [31] . On one hand, the built-in potential near the surface of metal oxide separates the photogenerated electron-hole pairs and accumulates positive charges at the outermost layer of the materials. These holes recombine with the electrons trapped by the oxidizing molecules, and this mechanism facilitates their desorption. On the other hand, UV light can photoionize the negative charges localized at the oxidizing adsorbate, causing their direct desorption.
After this continuous photodesoprtion processes, oxidizing gases find a reduced surface which is highly reactive, even at room temperature. Therefore, the oxidizing molecules will adsorb at a rate determined by the initial density of adsorption sites (intrinsic of the material and modified by other treatments like thermal treatments [32] or functionalization [20] ), and the availability of empty sites (determined by the photon and gas densities [25] ).
Still under UV illumination, the steady-state occupancy of the adsorption sites by NO 2 molecules determines the steady-state response of the sensor to this gas. The higher the occupancy, the more negative charge is trapped at the surface of the mesoporous structure, the wider the depletion layer and the higher the resistance is. According to most of the models used to describe the equilibrium between molecules in a gas and the corresponding adsorbed species, the occupancy (or the coverage) is a monotonously growing function of the molecule concentration in the gas phase. Even in the most simplistic approximations, like the Langmuir isotherm [33] , this dependence is not linear and the occupancy tends to 1 at higher concentrations. Therefore, at low NO 2 concentrations the resistance of the mesoporous network will be more sensitive to small variations of the NO 2 content in air. At higher concentrations, the response will saturate and the sensor will become less sensitive. This prediction is in good agreement with the behavior experimentally observed ( Figure 5 ). A detailed model of these phenomena will be presented elsewhere [20] . It goes without saying that these saturation effects will take place at different concentrations depending on the size of the nanocrystals. For completeness, functionalization agents were used to block a fraction of the sites available at the materials surface. Consequently, after the treatment, the density of adsorption sites was lower than before. According to the previous model, this treatment should lower the response towards NO 2 without modifying the resistance values in air and under illumination. Both predictions were corroborated experimentally ( Figure 5 , orange data set).
Finally, after switching off the light, the resistance does not recover the initial value (Figure 2 ). This new steady-state lasts for days and corresponds to the persistent photoconductivity effect (PPC), which was described elsewhere [31] .
In the case of WO 3 , other models could partially explain the resistance reduction under UV illumination; such as the W 6+ to W 5+ valence change that explain the photoelectrochromic effects in this material [34] . However, the fact that equivalent behaviors were observed in two different metal oxides supports the here-proposed description.
All in all demonstrates that UV illumination is an excellent tool to reduce the surface of metal oxides in a controlled manner to improve their response towards oxidizing gases. However, heat pulses are still necessary to reset the sensors conductivity, achieving a complete surface cleaning and thus, assuring the repeatability of the measurements.
Conclusions
Shrinkage effects of the conductive zone in nanostructured metal oxides were studied with mesoporous WO 3 and In 2 O 3 . These single crystalline materials formed branched networks with radii in range of typical width of the depleted region in metal oxides. Conductometric measurements in dark conditions indicate that the conductive zone of these materials was (almost) completely depleted (especially in WO 3 samples).
Under illumination, both materials display significant response towards oxidizing gases even at room temperature. According to the depicted mechanism, illumination reduces the surface of metal oxides and facilitates a competitive behavior between the different oxidizing species in air. This mechanism is corroborated by the saturation observed in the response to high concentrations of target gases. These effects were also corroborated in functionalized materials.
In summary, it has been shown that illumination with photon energy above the band gap of the metal oxides is a powerful tool to control and regulate the occupation of the surface states. The here-presented results pave the way to the development of room temperature conductometric sensors of oxidizing gases based on a higher control of the surface states influence on the bulk conduction properties.
